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Two-dimensional carbon allotropes from graphene to
graphyne

Haigang Lu® and Si-Dian Li

Graphene has attracted tremendous interest due to its extraordinary electrical, thermal, and physical
properties. The graphynes are widely investigated for their variety of structures and electrical properties.
Using the ab initio global search approach, we predicted three hexagonal and one tetragonal two-
dimensional carbon allotrope: Cgs-, Ce3-, C31- and Cyq-sheets. Graphene, Cgs-sheet, graphenylene,
Ce3-sheet, and graphyne form a series of graphene-like allotropes from graphene to graphyne. These
four new carbon allotropes are metallic and are local minimums in their potential energy surfaces.
These two-dimensional carbon allotropes are expected to serve as precursors to build various
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Introduction

Graphene, a two-dimensional (2D) array of planar hexagonal
units (C¢) of sp>hybridized carbon atoms, has attracted
tremendous interest due to its extraordinary electrical, thermal,
and physical properties.'™ As a 2D building material for carbon
materials of all other dimensionalities it can be wrapped up into
0D fullerenes, rolled into 1D nanotubes or stacked into 3D
graphite.® The success of this building material has motivated
much interest in constructing new single-atom-thick periodic
carbon networks consisting of different carbon polygons.

Carbon can form a variety of polygons ranging from linear
chains to dodecagons with its sp- and/or sp>-hybridized atoms.
Besides graphene, consisting only of Cs hexagons, many other
2D periodic carbon allotropes have been predicted and inves-
tigated, such as graphynes,®™® graphdiyne,'*'* graphenylene,'®
biphenylene,” a (3,12)-sheet consisting of triangles and
dodecagons,’ a (4,8)-sheet consisting of squares and octa-
gons,' ™ the “benzation” of graphene upon the addition of
monovalent atoms (H, F, Cl),>* and many carbon allotropes
based on the structural defects of graphene.*” Notably,
graphdiyne, a non-natural 2D carbon allotrope, was synthesized
in 2010." Therefore, it is interesting to explore the possible 2D
carbon allotropes including C,, Cs, C,, Cs, and/or C¢ polygons.
In this work, we will focus on the hexagonal and tetragonal 2D
carbon allotropes.

A systematic conformational search method is necessary to
obtain the possible 2D carbon networks. Recently, we developed
an ab initio global search approach and successfully found a
series of stable 2D boron sheets.”® Using this ab initio global
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nanotubes, fullerenes, nanoribbons, and other low-dimensional nanomaterials.

search approach, we will explore some new 2D carbon allo-
tropes and investigate their geometric and electronic
properties.

Results and discussion

The ab initio global search found several hexagonal and
tetragonal carbon allotropes, including the known graphene,
graphyne, (3,12)- and (4,8)-sheets. In this work, we do not
investigate the (3,12)- and (4,8)-sheets because the planar (3,12)-
and (4,8)-sheets have been widely investigated.*'*>* Therefore,
we will investigate the geometric and electronic properties of
seven 2D carbon allotropes: six hexagonal and one tetragonal
one (see Fig. 1 and Table 1).

To confirm their structural stability, the phonon spectra of
all of these carbon allotropes were calculated, as shown in
Fig. 2. Their phonon dispersion curves demonstrate the absence
of any imaginary frequencies, and therefore they are the
genuine local minimums on the potential energy surfaces, and
capable of existing in reality.

The variety of these carbon allotropes needs them to be
named systematically. Because these allotropes can be seen as
the network of some C; (sp>-hybridized carbon atom), C, (C=C
chain), Cs, C,, C5 and C¢ polygons, we use the combination of
their C, (n = 1-6) structural elements to name them. According
to this nomenclature, graphene, graphenylene, and graphyne
can be seen as networks of the Cg hexagons (orange) connected
by the C¢ hexagons (blue), C, tetragons (blue), and C, chains (A,
G, E in Fig. 1) so they are named as Ces-, Coq-, and Ce,-sheets,
respectively.

The two new allotropes, Fig. 1B and D, should be named as
Ces- and Cgz-sheets, respectively. In the Cgs-sheet, the Cg
hexagons are connected by the trefoil C,,-units tiled by three
Cs pentagons. In the Cgz-sheet, the C; triangles connect the Cg
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Fig. 1 Geometric structures of the 2D carbon allotropes: Cgg-, Cgs-, Cea-, Co3-, Co2-, C31- and Cy-sheets from A to G. The orange-filled and blue-filled polygons indicate
two different units in the carbon sheets. The dashed tetragons show the unit cells in the carbon sheets.

hexagons by their terminal carbon atoms. As shown in
Fig. 1A-E, the C4 hexagons are connected by C,, polygons (n =
6-2) by different patterns. Consequently, the Cg6-, Cos-, Cos-y
Ces-, and Cgp-sheets form a series of graphene-like allotropes
from graphene to graphyne. In this Cg, series of graphene-like
allotropes, the Cg, Cs, and C, polygons prefer to connect the Cg
hexagons by fusing their edges in the Cge-, Ces-, and Cey-
sheets, while the C; triangles and C, chains connect with
their terminal carbon atoms in the Cg;-, and Cg,-sheets,
respectively.

There are two other new non-graphene-like allotropes, the
Cs1- and Cy;-sheets (Fig. 1F and G). The Cs;- and C,4-sheets are
the networks of C; triangles and C, squares connected by the C;
units, ie. sp>hybridized carbon atoms. Obviously, the sp-
hybridized carbon atom can appear as an elementary unit in 2D
carbon allotropes to connect the structural polygons. In addi-
tion, the C,;-sheet is not hexagonal, but tetragonal, which is
different to the other 2D carbon allotropes in this work. The
C,i-sheet is the second most stable 2D tetragonal carbon allo-
tropes after the (4,8)-sheet.

To investigate the stability of these 2D carbon allotropes, we
evaluated their relative stable energies Es = Egheet — Egraphenes
where Egneer and Egraphene are the energies per atom in a sheet
and in graphene using the Perdew-Ernzerhof-Burke (PBE)*
functionals, respectively. Obviously, these four new allotropes
are less stable compared to graphene. The Cgs-, C4q- and
Cesz-sheets are 0.231, 0.212, and 0.112 eV more stable per atom
than graphyne, and the Cs;-sheet is only 0.049 eV less stable per
atom than graphyne. Therefore, it is possible to synthesize these
four new allotropes in experiments.

The electronic properties of these new 2D carbon allo-
tropes are very interesting. Their electronic band structures

and total and partial (osp and 7p) density of states are
shown in Fig. 3. As seen in Fig. 3 and Table 1, both graphyne
and graphenylene are semiconductors with small energy
band gaps, 0.460 and 0.034 eV, respectively, which are
agreement with the previous results (0.47 eV (ref. 10) and
0.025 eV (ref. 16)), respectively. The four new 2D carbon
allotropes have Fermi levels located within the gaps of the in-
plane derived partial density of states (PDOS, oy, ) so that
all the o bonding states are filled, while their ¢ antibonding
ones remain empty. The out-of-plane induced PDOS (7, ) and
therefore the total density of states of these stable carbon
allotropes possess non-zero values at their Fermi levels,
showing that there are certain occupations in their delo-
calized out-of-plane induced m-states. Thus, these new four
2D carbon allotropes: Cgs-, Cg3-, C31-, and Cyy-sheets are
predicted to be metallic in their p,-derived bands.

Conclusions

Using the ab initio global searches, we found four new 2D
carbon allotropes: three hexagonal ones (Ces-, Co3-, and Csiq-
sheets) and one tetragonal one (C,;-sheet). The Cg6- (graphene),
Ces-, Cea-y Ce3-, and Cey-sheets (graphyne) form a series of gra-
phene-like carbon allotropes from graphene to graphyne. The
Ces-, Ce3- and C,y-sheets are more stable and the C;;-sheet is
slightly less stable than graphyne. The electronic band struc-
tures and total and partial density of states demonstrated that
these four new 2D carbon allotropes are m-metallic. These 2D
carbon allotropes are expected to serve as precursors to build
various nanotubes, fullerenes, nanoribbons, and other low-
dimensional nanomaterials.

Table 1 Component polygons, lattice systems, lattice parameters a (A), relative stable energies £ (eV per atom) and energy band gaps £ (eV) of the 2D carbon

allotropes

Structural
Name Common name polygons Lattice system a Eg Eg
Ceo Graphene 6 Hexagonal 2.468 0.000 0
Ces — 6,5 Hexagonal 5.735 0.407 —
Cea Graphenylene 6,4 Hexagonal 6.766 0.632 0.034
Ce3 — 6,3 Hexagonal 6.321 0.526 —
Ce2 Graphyne 6,2 Hexagonal 6.890 0.638 0.460
Csq — 3,1 Hexagonal 3.844 0.687 —
Cya1 — 4,1 Tetragonal 5.790 0.426 —
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Fig.2 Phonon dispersion curves along selected directions within the Brillouin zone of 2D carbon allotropes: Cee-, Cos-, Coa-, Co3-, Co2-, C31- and C4q-sheets from Ato G.

Computational methods

The global search approach is based on a rectangle (about
40 A x 40 A) of the monolayer triangular sheet (with the C-C
bond length of rc_c = 1.40 A). In each possible unit cell of n
carbon atoms (n = 2-25), its carbon sheets with m holes (m = 1
to n — 1) were successively yielded according to the procedure in
ref. 27. The sheets consisting only of 2- and 3-coordinated
carbon atoms (about 660 000) were extracted and their lattice
constants and the positions of atoms were optimized using the
DFTB+ program®>** with the 3 x 3 x 3 k-points in the Mon-
khorst-Pack scheme.** The optimized sheets were symmetrized
using the FINDSYM module of the ISOTROPY package® to
extract the hexagonal and tetragonal allotropes.

The hexagonal and tetragonal sheets were re-optimized by
the VASP5.2 package®* using the projector augmented wave
(PAW) method*® in conjunction with the PBE functional and
employing a planewave basis set with a 500 eV kinetic energy
cutoff. The Brillouin zone is sampled using k-points with

0.02 A™* spacing in the Monkhorst-Pack scheme. All carbon
sheets are represented by a unit cell with a 20 A vacuum region
in the normal direction. For geometric optimization, both the
lattice constants and positions of atoms were fully relaxed.
Upon optimization, the forces on all atoms are less than 0.01 eV
A" and the criterion for total energy convergence is 0.1 meV per
atom.

Phonon calculations were performed by the supercell
approach. Real-space force constants of supercells were calcu-
lated in the density-functional perturbation theory (DFPT)
implemented in the VASP5.2 package, and phonon frequencies
were calculated from the force constants using the PHONOPY
1.6.2 code.’”*®
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Fig.3 Calculated electronic band structures (left) and density of states (DOS, right) of the 2D carbon allotropes: Cge-, Cos-, Cea-, Co3-, Ce2-, C31- and Cyq-sheets from A to
G. The Fermi energy (dashed lines) is set as zero. The black, red and blue lines in the right panels indicate the total, o and 7 DOS, respectively.
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